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Abstract	
    For generations, scientists have been inspired by sophisticated molecular 
systems, which can harness solar energy for various physiological processes. By 
means of synthetic molecular photoswitches, we now have the potential to catch up 
with nature in many ways, with the ultimate goal of constructing light-controlled, so 
called molecular machines that are capable of performing tasks at the molecular scale. 
An important challenge in developing such artificial molecular machines is attaining a 
detailed understanding and possibly control of photoisomerization-coupled molecular 
movements within macromolecular architectures, whiling taking the influence of the 
local environments into account. In this thesis, I use scanning force microscopy 
(SFM) to provide insights into the behavior of individual photoresponsive 
macromolecules physisorbed on a surface and to identify light-induced movements 
such as contraction, extension, and crawling events. Thereby, the specific local 
environments provided by the molecular surface not only serve to isolate and orient 
the macromolecules but also function as a template that influences the directions of 
molecular movements.  
This work presents a comprehensive investigation of one particular photoresponsive 
macromolecule: Azobenzene photoswitches incorporated into the backbone of 
synthetic rigid-rod polymers. Firstly, the polymers were deposited from solution onto 
a monolayer of octadecylamine (ODA) covering the basal plane of highly oriented 
pyrolytic graphite (HOPG). The unique ODA amphiphilic nanorails, self-assembled 
on HOPG, served not only to immobilize and isolate the polymers, but also to orient 
them on the surface. The orientations of rod-like polymers on an ODA surface, i.e., 
predominally perpendicular or parallel with respect to the underlying lamellar surface, 
were analyzed with a model based on the hydrophobic interaction of the side chains 
of the polymers with the amphiphilic nanorails of the ODA molecules. Upon the 
irradiations with UV and visible light, respectively, large light-induced contractions 
and extensions of the single macromolecules have been visualized by SFM. Upon 
contraction, the average polymer chain lengths shrunk by 60% and formed more 
compact nanostructures. An SFM’s time-laps study of morphological changes of 
polymers at different irradiating times also detailed the light-induced movements 
within the macromolecules and a crawling movement across the surface. Those light-
induced motions were attributed to a weak mechanical and electronic coupling 
between the surface and the polymers, the high density of azobenzenes in their 
backbones, and their rigidity, allowing for maximized photodeformations. Moreover, 
the influence of local environments on light-induced molecular movements was 
further investigated by repetitively switching the single polymers on different sites of 
a heterogeneous ODA surface. For weakly adsorbed polymers on surface defects, 
those surface-directed folding/unfolding (or contracting/extending) movements 
exhibited a random change in orientation. Thus, I conclude, that well-defined local 
environments, such as domain boundaries or lamellae within the ODA monolayer, 
play important roles in the template that directs the folding and unfolding movements 






Hochentwickelte molekulare Systeme, die Sonnenlicht für unterschiedlichste 
physiologische Prozesse nutzbar machen können, haben die Wissenschaft seit 
Generationen beeindruckt. Mit Hilfe synthetischer molekularer Photoschalter besteht 
nun die Möglichkeit, mit der Natur in vielen Bereichen nachzuziehen. Das große Ziel 
dabei ist die Entwicklung von mit Licht angetriebenen molekularen Maschinen, die 
auf molekularer Ebene Aufgaben erfüllen können. Eine große Herausforderung ist das 
Verständnis und möglicherweise auch die Kontrolle der Bewegung makromolekularer 
Systeme während ihrer Photoisomerisierung unter Berücksichtigung von 
Umgebungseinflüssen. In der vorliegenden Arbeit habe ich das Verhalten von 
einzelnen licht-empfindlichen Makromolekülen auf Oberflächen mit Hilfe von 
Rasterkraftmikroskopie (SFM) untersucht und lichtinduzierte Bewegungen wie 
Kontraktion, Expansion und Kriechbewegungen identifiziert. Dabei diente die 
spezielle Umgebung einer molekularen physisorbierten Monoschicht auf einer glatten 
Festkörperoberfläche eine wichtige Rolle sowohl zur Vereinzelung und Ausrichtung 
der Makromoleküle, wie auch zur Beeinflussung von deren Bewegungsrichtung. 	
Die vorliegende Arbeit präsentiert eine umfassende Untersuchung zu einem 
speziellen lichtempfindlichen Makromolekül: ein Azobenzol Photoschalter, 
eingebettet in den Hauptstrang eines synthetischen stäbchenförmigen Polymers. Dazu 
wurden die Polymere zunächst aus Lösung auf eine Einfachlage Octadecylamin 
(ODA) aufgebracht, welche auf einer Oberfläche von hochgeordnetem pyrolytischem 
Graphit (HOPG) lag. Die besondere Eigenschaft der amphiphilen ODAs, sich in 
Nanolamellen anzuordnen, diente nicht nur der Immobilisierung und Isolierung der 
stabförmigen Polymere, sondern auch deren Orientierung auf der Oberfläche. Diese 
Orientierung, insbesondere die Ausrichtung relativ zu den Lamellen, wurde mit einem 
Modell, basierend auf den hydrophoben Wechselwirkungen zwischen den 
Seitenketten der Polymere und der amphiphilen Unterlage aus ODA, untersucht. 
Mittels SFM konnte die Kontraktion beziehungsweise Expansion bei Belichtung mit 
UV- oder sichtbarem Licht untersucht werden. Bei Kontraktion schrumpfte die Länge 
der Polymere im Mittel um 60% und es bildeten sich kompaktere Nanostrukturen. In 
zeitaufgelösten Messungen wurden lichtinduzierte morphologische Änderungen in 
Abhängigkeit von der Belichtungszeit der Polymere gemessen. Dies verdeutlichte die 
lichtinduzierte Bewegung dieser Strukturen innerhalb der Makromoleküle und 
offenbarte eine kriechende Fortbewegung der Polymere über die Oberfläche. Dies 
wurde auf eine schwache mechanische und elektrische Kopplung zwischen 
Oberfläche und Makromolekül zurückgeführt. Zusätzlich führt die hohe Dichte an 
Azobenzolgruppen im Rückgrat der Makromoleküle und deren Steifheit zu einer 
erhöhten lichtinduzierten Verformung. Außerdem wurde der Einfluss der lokalen 
Umgebung auf diese Bewegungen durch mehrmaliges Hin- und Herschalten der 
Polymere auf unterschiedlichen Stellen einer heterogenen ODA Oberfläche 
untersucht. Polymere, die auf Oberflächendefekten nur schwach gebunden waren, 
änderten ihre Orientierung bei Belichtung zufällig. Daraus schlussfolgere ich, dass die 
wohldefinierte lokale Umgebung mit Korngrenzen oder Lamellen eine wichtige Rolle 
als Templat spielt und die Bewegungsrichtung maßgeblich bestimmt. Die entwickelte 
experimentelle Methode kann verwendet werden, um die Wechselwirkungen 
zwischen Oberfläche und Polymer zu optimieren, und die anschließende 
Untersuchung von lichtinduzierten Bewegung der Makromoleküle kann die 
Entwicklung neuartiger optomechanischer Nanosysteme ermöglichen.	
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1.1 Synthetic molecular machines 
    To sustain life and biological events, nature has developed molecular machines to 
drive virtually every biological process.1 The ubiquitous presence of naturally 
occurring molecular machines in living systems inspires and at the same time 
challenges scientists to design and construct synthetic motors and machines at the 
nanometer sale, that is, at the molecular level. The further development of molecular 
machines is predicted not only to promote the miniaturization in information storage, 
but also to open the new fields of smart drugs, smart materials and energy.  
A synthetic molecular machine can be composed of a discrete number of 
molecular components to perform molecular movements under control of appropriate 
energy inputs.1 Though construction of more complex molecular machines remains in 
the area of theoretical research, some outstanding synthetic molecular machines 
mimicking their macroscopic counterparts that perform mechanical movements, have 
been designed and realized such as, molecular motors,2,3,4 molecular propellers,5 
molecular shuttles,6,7,8 molecular tweezers9,10 and nano-cars.11–14   
    Significant attention in studying synthetic molecular machines have been devoted 
to developing molecules that can undergo contracting/extending conformational 
changes in a manner reminiscent of human muscles.7,15,16 Such muscle-like molecules 
that can transduce external stimuli into mechanical force have emerged as key 
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building blocks in constructing controllable nano- and mesoscale mechanical 
systems.8,17 Utilizing these molecular-scale forces to perform useful tasks is of course 
the next challenging step.3 Progress in this direction has been made, e.g., in 
optomechanical control of electron transfer in a azobenzene-linked diporphyrin Zn 
complex,18 favoring different hydrogen-bonding networks,19 cargo-lifting20 and 
twisting of other smaller molecules.10 
 
Inspired by muscular tissues where the microscopic contractions of thousands of 
myosin filaments gliding along thin acting filaments are able to produce large 
integrated contractions of the sacromeres, the translational motions of synthetic 
molecules that starts at the nanometer-scale could be likewise amplified with 
integrated motion by clever molecular designs, such as incorporating muscle-like 
molecules into the core of dendrimers21–24 or polymerizing them into linear strands.25,26 
Depending on the degree of polymerization and effectiveness of the cumulative 
motion of individual molecules, the molecular movement can increase by orders of 
magnitude.16,26 To this end, not only the molecules that perform contraction/extension 
are of interest, but also, equally important, the easiness of incorporating them into 
various molecular architectures to amplify the amplitude of their mechanical motions. 
In the past decades, some most versatile and extensively studied small-molecule 
motifs include (but are far from limited to) rotaxane and azobenzene which can adopt 
contracted/extended conformational change and at the same time, are ready to be 
incorporated into different molecular architectures or polymerized into linear strands. 
In the following section examples of current developments of rotaxane- and 
azobenzene-based molecular machines are presented able to perform large amplitude 
translational motions. 
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1.2 Single molecular machines performing large amplitude 
translational motions 
 
Pioneering work in the development of linear molecular muscles has been on 
rotaxane-based molecular switches and shuttles.27,28 [3]Rotaxanes15 have been 
compared to linear molecular muscles (Figure 1.1a.b) because of the ability of 
their rings to slide between two or more recognition sites along their linear 
dumbbell portions in response to external stimuli, such as a chemical or 
electrochemical stimulus. Depending on the redox state, the rings find themselves 
either in contracted state (1.4 nm apart) or in extended state (4.2 nm apart). By 
anchoring these “molecular muscles” to a micro-sized gold beam8 (Figure 1.1c), 
the bending of the cantilever beam up to tens of nanometers suggests that the 
cumulative effect of individual microscopic motions within [3]rotaxane molecules 
can be harnessed to perform larger-scale mechanical work. With the aim of 
integrating the contractions and extensions of individual molecules, Du et. al. 
polymerized thousands of tailored rotaxanes linearly to successfully integrate 
motion from thousands of molecular machines.16 However, due to the small 
persistence length, the integrated contracting motions of the rotaxanes are 
translated to shrinkage of the coiled polymer in size rather than one-dimensional 
translational motion.  Also the use of metal ions could cause difficulties in their 
further incorporation into other molecular components or interfacing them with 
other objects. The next challenges to access macroscopic responses in rotaxane-
based molecules includes varying the persistence length of the polymers, and in 





Figure 1.1 (a) Graphical representations of the constitution and cycle of contraction and extension of 
the sarcomeres in skeletal muscle. Schematic taken from Ref.15 (b) Structural formulas of the 
contracted (PPR8+) and the extended (PPR12+) states of the prototypical molecular muscle. Schematic 
taken from Ref.15 (c) Microcantilever beams, coated with a monolayer of [3]rotaxanes, undergo 
bending when they are exposed to chemical stimulus. Schematic taken from Ref.8 (d) The integrated 
translational motion of the supramolecular polymer chain is the product of the individual contractions 




Similar to the rotaxane molecule, azobenzene is another, probably the most well-
known muscle-like molecule that can perform translational motion.  Through 
reversible conformational change between the extended trans and the contracted cis 
isomers, the distance between the substituents of azobenzene at the two ends reduces 
from 0.99 nm in the trans state to 0.55 nm in the cis state, a distance which is very 
large by molecular standards and therefore azobenzene holds potentials for 
constructing useful molecular machines. The ability of using light as a powerful 
external stimulus to control or trigger the translational motion makes azobenzene an 












Figure 1.2 Selected examples of systems containing azobenzene that can perform large-amplitude 
motions by photoisomerization. (a) Light-operated molecular machine (blue) capable of mechanically 
twisting a small-molecule guest (red). Schematic reproduced from the Ref.10 (b) Light-controlled 
bending of photoresponsive polymer film. White arrows indicate angles of polarization of linearly 
polarized UV light. Images reproduced from the Ref.27 (c) Photoresponsive springs powered by 
nonpolarized UV light. Images taken from the Ref.28 (d) Photoinduced folding of 
4-(dimethylamino)azobenzene crystals. Reproduced from the Ref.31 (e) Perhalogenated azobenzene 
crystal and its light-induced bending. Blue arrows indicate the direction of irradiation. Reproduced 
from the Ref.32 
 
Some outstanding examples of optomechanical systems using azobenzene 
demonstrated that translational motion of azobenzene could be amplified and 
harnessed with clever molecular designs. For example, azobenzene has been smartly 
	 7	
incorporated into a “molecular scissor” that is able to perform large-amplitude 
motions and twist a guest of a smaller molecule (Figure 1.2a).29,10 Similarly, azobenzene	derivatives	have	been	 incorporated	within	a	polymer	 film	 that	can	exhibit	 light-induced	 shape	 changes	 (Figure 1.2b)30,31	 and	 even	 perform	 rolling	motions.32	At	the	same	time,	significant	attention	has	been	devoted	to	amplifying	individual	 molecular	 responses	 in	 highly	 oriented	 materials,	 such	 as	 single	crystals:	 as	 the	 examples	 in	 Figure	 1.2c,d	 show,33,34,35 certain azobenzene crystals 
bend in response to light. Finally, azobenzene has been introduced into biological 
systems where various biomolecules functionalized with an azobenzene moiety can 
exhibit large conformational changes when exposed to light.36,37	
Even though the macromolecular architectures incorporating multiple rotaxane or 
azobenzene molecules have shown the ability to perform large molecular movements, 
increasing the efficiency and controlling those movements in a precise way, require 
still a long way to go. In the following sections of this thesis, I will focus on a 
promising muscle-like polymer incorporating multiple azobenzenes in the main chain. 
 
1.3 Challenges and motivation 
One key challenge in developing molecular machines is to understand the detailed 
actuating movements within macromolecular architectures and the consequences of 
those movements with respect to the local environment, which requires the ability to 
isolate macromolecules in a well-defined environment and probe them individually. 
For this purpose, I intended to isolate a specific azo-polymer on a well-defined 
surface and to investigate its moving process in response to an external stimulus and 
the consequences of those movements with respect to the local environment.  More 
specifically, I intended to tackle the following challenges: 
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First, there was still no “direct visualization” of single azobenzene-containing 
macromolecules (azobenzene-macromolecules) moving in response to light. Many 
studies on azobenzene-molecular systems are performed in bulk materials or in 
solutions, while studies on azobenzene-containing molecules (azobenzene-molecules) 
on surfaces are often in a monolayer38 or embedded in another molecular matrix.39,40 
The observed movements are either from molecular ensembles or they are indirect 
induced by other molecules. In the real sense of imaging movements of 
azobenzene-molecules induced by stimuli, to our knowledge, only small individual 
azobenzene-molecules undergoing conformational change have been previously 
“visualized” on a clear single molecular level by surface probe 
microscopies.41,42,43,4445,46 Here I intended to “visualize” well-isolated 
azobenzene-macromolecules undergoing conformational changes by scanning force 
microscopy. The visualization of single molecules could increase their addressability 
and processability, as required of molecular machines. It should be noted that another 
example of this kind, reported by Baigl and coworkers,47 details the indirect light-
fueled compaction of DNA. 
Second, the efficiency of transducing photons into large mechanical movements 
of azobenzene-macromolecules could be improved. Due to incomplete isomerization 
of the polymer, the previous study on bending an SFM beam falls short of its 
theoretical maximum in terms of bending deflection.17 This suggests an increased 
conversion efficiency of the azobenzene-polymer is needed for future 
mechano-optical devices. Recently, much attention has been devoted to maximizing 
the photodeformation of individual molecules by more efficient isomerization and 
high-density configurations.48 The experiments of these azobenzene polymers in 
solutions showed an unprecedented decrease in hydrodynamic volume as a result of 
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photoisomerization. Here in this thesis, I tried to measure the actual 
contraction/extension within these single isolated polymers and to demonstrate that 
larger translational movement within single macromolecules can be achieved. 
Third, despite of smart incorporations of azobenzenes in various macromolecular 
architectures and their applications that are emerging, the consequences of the 
isomerization within azobenzene-macromolecules and with the surroundings could be 
better understood. Although azobenzene switching on a single molecule level has 
been observed before using scanning probe microscopies, all these experiments were 
performed on thiolated azobenzenes fixed covalently onto metallic surfaces, 
consequently, no movements other than switching of azobenzene were observed. By 
isomerizing unbound molecules deposited noncovalently on a surface, it is possible to 
observe some very interesting consequences of the isomerization process, such as a 
folding/contraction process, on-surface movements as well as extension as result of 
back-isomerization. 
Finally, it is very challenging to switch azobenzene on a surface. For example, the 
lack of freedom for conformational change and strong coupling both mechanically 
and electronically with the underlying surface can all significantly impair the 
photoisomerization process.  
In this thesis I will address the above-mentioned challenges by focusing on one 
particular synthetic rigid-rod polymers incorporating multiple azobenzene 
photoswitches in the backbone (see P1, Figure 3.1) deposited from solution onto a 
monolayer of octadecylamine covering the basal plane of graphite. For this interesting 
polymer the following will be shown: 
(1) Single P1 polymers could be immobilized, isolated and orientated on a 
well-defined ODA monolayer.  
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(2) A model based on the hydrophobic interaction of side chains of 
polymers with an amphiphilic surface has been suggested to explain 
the alignments of the polymers on the surface. 
(3) Direct visualization of large translational motion within single 
macromolecules resulting from the folding/contraction process and the 
extension as a result of back-isomerization. 
(4) Demonstration of crawling movement as a consequence of 
phtoisomerization.  
(5) Demonstration of surface-directed folding/unfolding of a single 
polymer and the repetitive contraction/extension of single polymers on 
different sites of a heterogeneous amphiphilic surface. 
 
The structure of this thesis is the following. Chapter 2 introduces basic 
azobenzene photochemistry, the molecular motion of azobenzene, the determination 
of the mechanical force performed by a single azobenzene-polymer, maximizing the 
photodeformation of individual molecules and the fundamental mechanism of 
formation of octadecylamine (ODA) self-assembled monolayer on a graphite surface. 
Chapter 3.1 introduces the details of the material we use, namely, the azobenzene 
main chain polymer (P1) and it reviews polymers’ characterization in solution, such 
as UV-Vis absorption spectroscopy, NMR titration for determination of the PSS 
(Photo Stationary State), aggregation and disruption of P1 polymers in solutions, as 
reported previously. Chapter 3.2 covers sample preparation and experimental setups 
of scanning force microscopy (SFM) and light sources. The results and discussion 
provided in Chapter 4 are divided into three subjects. Chapter 4.1 demonstrates the 
different alignments of isolated single polymers on ODA surfaces and proposes a 
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model based on hydrophobic interaction to explain it. Chapter 4.2 demonstrates the 
results of light-induced contraction and extension of single macromolecules on a 
surface as well as an interesting crawling movement. Chapter 4.3 demonstrates the 
repetitive switching of macromolecules on the surface and discusses the role of the 
heterogeneous ODA surface in directing the movements of polymer. Chapter 5 





2.1  Photoswitchable azobenzene-containing polymers 
2.1.1 Azobenzene photochemistry 
Azobenzene is an aromatic molecule formed by an azo bond (–N=N–) 
connecting two phenyl rings (Figure 2.1a). The most interesting character about 
azobenzene is the reversible photoisomerization between an extended trans (E) 
and a shorter cis (Z) isomer upon irradiation with different wavelengths or heating 
(Figure 2.1). Being completely reversible, this isomerization is known as one of 
the cleanest photoreactions, free from any side reactions.49 Upon trans to cis 
isomerization, the distance between the 4 and 4´ positions of azobenzene reduces 
from 0.99 nm in the trans state to 0.55 nm in cis state. The intramolecular motion 
caused by the geometrical changes in azobenzene is very large by molecular 
standards and it is no surprise that azobenzene holds potential for constructing 
useful molecular machines. 
The trans isomer is more stable,50,51 and the isomerization barrier (energy to 
the cis- state) is on the order of 200 kJmol-1.52 Since the trans isomer is more 
stable, annealing can also convert the cis into the trans state. The potential energy 
landscape of azobenzene (Figure 2.1 b) has been determined in ab initio 
calculations and experimentally proven by spectroscopy. 52,53,54 
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Figure 2.1 (a) Isomerization of azobenzene between trans and cis conformations upon irradiation 
or heating. (b) Schematic of the potential energy for the reversible azobenzene cis-trans transition 
along the inversion pathway. The x coordinate is the bond angle, ΦNNC, which from the cis to the 
trans position changes the bond angle from about –60° to +60°. The transition can be induced by 
optical excitation from the singlet electronic ground state S0 to the first excited singlet state S1 
(cis form, λ1 = 420 nm; trans form, λ2 = 365 nm). [The shown graph is based on previous 
theoretical52 and experimental53,54 data]. Schematic taken from the Ref.17  
 
2.1.2 Molecular motion of azobenzene The	 mechanism	 of	 the	 molecular	 motion	 of	 azobenzene	 during	isomerization	 has	 undergone	 considerable	 debate.	 It	 takes	 place	 either	through	 a	 rotation	 of	 the	 N—N	 bond,	 with	 a	 ruptured	 π	 bond,	 or	 through	inversion,	 with	 a	 semilinear	 and	 hybridized	 transition	 state	 formed	 in	 the	excited	state,	where	double	bond	(N=N)	remains	intact	(Figure	2.2).	Studies	using	picosecond	Raman	and	femtosecond	fluorescence	spectroscopy	show	a	double	bond	in	the	excited	state,	confirming	the	inversion	mechanism.55,56	In	contrast,	Ho	et	al.	found	evidence	that	the	pathway	is	compound-specific.57	In	addition,	 the	 theoretical	 calculations	 indicate	 that	 energetically	 both	pathways	 of	 rotation	 and	 inversion	 are	 possible,	 though	 the	 inversion	
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pathway	is	preferred.58,59	Thus,	both	mechanisms	may	be	occurring	and	the	dominating	 pathway	 will	 be	 depending	 on	 the	 structure	 of	 the	 specific	molecule	and	surroundings.	The	inversion	pathway	is	illustrated	in	Figure	2.1b,	where	the	absorption	of	 a	 photon	 in	 the	 trans	 absorption	 band	 will	 cause	 the	 trans	 isomer	 to	convert	to	the	cis	isomer	via	a	bond	angle	ΦNNC	change	from	+60°	to	-60°	for	an	 in-plane	 transition	 of	 the	 phenyl	 ring. The irradiation with a second 
wavelength (corresponding to the cis absorption band) can cause the back-
conversion.  
The inversion pathway requires less free volume in comparison to the rotation 
pathway. It has been estimated that successful isomerization via the inversion 
pathway requires only a free volume of 0.12 nm3 versus approximately 0.38 nm3 
for the rotation pathway.60,61 In general, the matrix constrained free volume could 
affect photochemical reactions of azobenzene and needs to be considered.62 
Nevertheless, the rather small free volume required for the inversion mechanism 
explains how isomerization of azobenzenes can take place even in rigid materials, 




Figure 2.2 The mechanism of azobenzene isomerization proceeds either via rotation or inversion. 
The cis state has the phenyl rings tilted at 90° with respect to the CNNC plane. Schematic	taken	from	the	Ref.63 
 
2.1.3 Determining the mechanical force of single azobenzene-
containing polymers during isomerization  
Molecular machines are able to exert forces or perform mechanical work. It is 
important, therefore, to be able to evaluate experimentally the optomechanical 
force on the single molecule level. In particular, Gaub’s group has demonstrated a 
sophisticated experimental approach in this regard.17 In this method, a 
freestanding strand of a polymer incorporating azobenzenes in the backbone has 
been covalently bounded between a SFM cantilever and a glass surface 
(Figure 2.3). The all-E polymer was isomerized by pulses of UV laser light, 
causing the polymer strand to contract as seen by the bending of the SFM 
cantilever towards the glass side. This proves that individual azobenzenes can 
isomerize against the external force exerted by the SFM tip. Then the exerted 
force of the SFM tip could be eased by cis-trans isomerization with visible laser 
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light pulses and therefore, a complete optomechanical cycle on the single 
molecule level was demonstrated. It was found that optical trans-cis isomerization 
could only be prevented at an external force above 500 pN. This shows the ability 
to activate and power molecular-level devices by using light, which is attractive 
since it overcomes limitations such as diffusion or wiring.  
However, in this experiment, the maximum conversion efficiency of 
photomechanical energy was estimated to be around 10%, a number that is to be 
improved by, for example, high-density configurations, i.e., approaching larger 
photodeformation of individual molecules. 
 






2.1.4 Designing larger photodeformation of individual molecules 
Designing molecular architectures with larger photodeformation is a crucial step 
toward more efficient optomechanical devices in the future. Approaches to maximize 
photodeformation,48 i.e. maximizing the geometrical changes, have been presented by 
incorporating azobenzene photoswitches into various molecular architectures. For 
example, one approach of incorporating azobenzene photoswitches in dendrimers has 
shown large changes of the hydrodynamic volume in solution (Figure 2.4).64 In the 
studies,21–23,65 the changes in hydrodynamic volume depend on how azobenzene 
photoswitches are incorporated, and on the rigidity of the dendrimers. Multiple 
azobenzenes at the periphery of the dendrimer or just one azobenzene at the core of a 
flexible dendrimer demonstrate rather moderate decrease in the hydrodynamic volume 
(ΔVh = 12% for D1), but when three azobenzenes are incorporated in the core of the 
dendrimer, a significant decrease in the hydrodynamic volume (ΔVh = 29%) was 
observed. The group of Müllen demonstrated that the more rigid dendrimers could 




Figure 2.4 Photodeformation of a dendrimer. Incorporating only one azobenzene in the core of a 
flexible dendrimer demonstrates rather moderate decrease in the hydrodynamic volume (ΔVh = 12% for 
D1). The more rigid dendrimers (D2)24 and (D3)66 can achieve larger photodeformation (ΔVh = 29% 
and ΔVh = 37%, respectively). Schematic taken from Ref48 
 
More recently, the group of Hecht has incorporated multiple azobenzene 
photoswitches into a linear rigid-rod polymer. More than 30 azobenzenes were 
incorporated in the backbone of the rigid rod polymer P2 (Figure 2.5). Especially, 
large twist angles (Φ) between chromophores were introduced with strategically 
positioned methyl groups in order that two adjacent chromophores could be 
electronically decoupled (without electronic decoupling, bisazobenzenes display low 
switching efficiency of cis content (16%) in the photo-stationary state). 67 Upon 
UV-irradiation these rod-like polymers in solution experienced a rod—coil transition, 
as indicated by a large decrease (ΔVh = 72%) in hydrodynamic volume.25  
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Figure 2.5 The rod—coil transition of the azobenzene-containing polymers (P2) can be induced 
reversibly by irradiation with UV and visible light. The conformational changes are reflected with a 
decrease in their hydrodynamic volume (Vh	=	72%).25 Schematic partly reproduced from the Ref48. 
 
The polymer P1 investigated in this thesis is a homologue of P2. The detailed 
description and characterizations of P1 are presented in Chapter 3. 
 
 
2.2 Octadecylamine (ODA) modified graphite surface—a molecular 
workbench  
In order to observe and investigate isolated single polymers on a surface, the 
surface needs to be chosen carefully. Here in this section I introduce the surface, 
which has been used in the experiments—octadecylamine (ODA) molecules tiling 
highly oriented pyrolytic graphite, HOPG. 
In the early 1990’s it was found that alkanes or alkyl chains containing amphiphiles 
could self-assemble into single layers of two-dimentional molecular patterns on the 
graphite surface.68–71 These single molecular layers that modify the graphite surface 
and provide well-defined molecular environments constitute a “molecular 
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workbench”, which can be utilized to modify and control the interaction between the 
substrate and adsorbed macromolecules.72 By employing surface microscopy such as 
scanning force microscope (SFM), the macromolecules can be visualized and also 
manipulated by the tip of SFM cantilever.   
 
Figure 2.6 (a) An STM image of 1-octadecylamine (CH3(CH2)17NH2) at the phenyloctane-graphite 
interface. Black bar indicates one molecular length. Presuming the bright ends being the NH2 groups 
(indicated by →); they orient parallel to each other and paired in a “head to head” orientation. The ends 
of the alkyl chains appear as dark troughs (indicated by ⇒). (b) Top view of computer-generated 
model of an ODA film on a graphite substrate. (c) Side view of the model, showing that the lone pair of 
the amine N atom points out of the film in this structure. Images taken from Ref.73 
 
Cyr et al. investigated the 2-D patterns of ODA on graphite by STM with atomic 
resolution (Figure 2.6a).73 It is clearly seen that the 2-D lamellar crystalline film of 
ODA orients in well-ordered rows. The ODA molecules are lying flat and fully 
extended, as indicated by the length of one molecule coinciding with the theoretical 
all-trans length. Presuming the bright ends being the NH2 groups; they orient parallel 
to each other and pair in a “head to head” orientation, which is attributed to hydrogen 
bonding. The hydrogen-bonding network of amine groups can be formed in a 
nonpolar solvent and it determines the molecular orientation within the monolayer. A 
computer-generated model with these observations in presented in Figure 2.6b. 
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The image of Figure 2.6a also displays a moiré pattern, which has been attributed to 
a molecular film that is incommensurate with the underlying graphite lattice. The 
Moiré pattern occurring here indicates that the intermolecular interactions between 
ODA molecules within the monolayer are stronger than between the molecule and the 
surface. 
Octadecylamine molecules tiling HOPG have been utilized as a molecular 
workbench for the investigation of single macromolecules such as polyelectrolytes 
and DNAs. In particular, utilizing the electrostatic interaction, a negatively charged 
polyelectrolyte74,75 adsorbed strongly to the positively charged amine head group of 
ODA, forming straight polymer segments, while the free polymer will normally 
behave as a worm-like chain. The aligning and straightening effect can also be 
observed on DNA deposited upon ODA surface.76 Besides the electrostatic 
interaction, the adsorption of DNA on ODA lamellae could have more interactions 
involved, such as hydrophobic interaction or H-bonds formation.76  
 
Figure 2.7 (a) SFM image of poly(sodium 4-styrenesulfonate) oriented on the surface of graphite 
covered with an ODA monolayer. Image taken from Ref.75 (b) SFM images of DNA 
molecules, immobilized onto ODA modified HOPG. Image taken from Ref.76 Both 
macromolecules and lamellae can be readily visualized with tapping mode SFM. 
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Chapter 3  
Materials and Experimental Setups 
3.1 Polymer P1 and its characterization in solution 
3.1.1 Chemical structure of P1 polymers 
The rigid-rod polymer P1 (Figure 3.1)25 which contains multiple azobenzene 
photoswitches in the backbone functionalized with dodecyl solubilizing groups, has 
been recently prepared by Suzuki polycondensation and characterized in solution.25 
Large twist angles were introduced between the chromophores to break the 
conjugation of the π-system.67 This electronic decoupling leads to a relatively high cis 
content in the polymeric backbone (81% upon UV light (360 nm) irradiation in 
solution).25 The molecular weight of the sample used in this study is 
Mn ≈ 40 000 g/mol with a polydispersity index of 1.7.77 The estimated degree of 
polymerization is 15 and with a 2.4 nm long repeat unit, the estimated average length 
is >35 nm. The width of P1 determined by the dodecyl chains (assumed stretched) is 
~3.3 nm and its height determined by the methyl groups attached to the azobenzene 
moieties is dmethyl-methyl ~ 0.5 nm. 
 
Figure 3.1 Chemical structure of P1 and its characterizations 
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3.1.2 Characterization of P1 polymers in solution 
   P1 polymers in solution have been previously investigated by Bléger et al.25  
3.1.2.1 UV-Vis absorption spectroscopy 
UV-Vis absorption spectroscopy was performed in order to observe the 
photoisomerization of P1 polymer in solution. Upon UV irradiation, the absorption 
band (300 nm—400 nm) of trans azobenzene in P1 decreases while the cis-band (420 
nm—480nm) increases during the transition of P1 polymers from the trans-rich state 
to a cis-rich state upon UV irradiation (Figure 3.2). This result proves the ability of P1 
to undergo photoisomerization in solution.  
The back transition from cis-rich to trans-rich upon 410 nm cut-off irradiation 
shows the isomerization is not fully reversible. As indicated by the spectrum 
(Figure 3.2b), the system is unable to recover completely back to the state before UV 
irradiation, which is possibly due to an increased steric hindrance, lack of free volume 
inside the cis-rich P1 polymer, and the fact that trans azobenzene also absorbs light in 
the 400—500 nm region. 
 
Figure 3.2 (a) Absorption spectra of a solution of P1 in CH2Cl2 upon UV irradiation (365 nm) and 
the photostationary state (PSS) was reached in 3 minutes. (b) The back transition from cis-rich to 
trans-rich of P1 upon 410 nm cut-off irradiation. The photostationary state was reached in 2 min.  
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3.1.2.2 NMR titration for determination of the cis content in the photo-
stationary state (PSS) 
The dramatic diminishing of the trans population is further checked by 1H-NMR 
spectroscopy (Figure 3.3)25. The peaks assigned to the E-form (Hc, Hd and He peaks) 
diminished upon UV irradiation. The photo stationary state was reached when the 
NMR spectrum did not change further after 4 hours of irradiation. Comparing the 
integrations of Hc, Hd and He peaks (E-form) before and after irradiation allows for 
the determination of the PSS, where 81% overall Z content is determined. 
 
 
Figure3.3 1H-NMR spectra (aromatic region) of a 5 mg/mL solution of P1 in CD2Cl2. Comparing 
the integrations of Hc, Hd and He peaks (E-form) before and after irradiation of 375 nm allows for the 





3.1.2.3 Aggregation of P1 polymers in solution at high concentration 
 
P1 polymers tend to form aggregates in apolar solvents at high concentration.25 In 
Ref.25 a high concentration (40 mg/mL) solution of P1 in CD2Cl2 (*) was used. A 
broad peak in NMR centered on 6.2 ppm appears only in high concentration solution 
(Figure 3.4), and therefore, it is assigned to the aggregated areas. Ideally, the large 
twist angles (Φ,Φ´) in P1 should avoid their aggregation in solution, nevertheless, 
some attractive forces between P1 polymers such van der Waals forces and π⎯π 
stacking may cause partial aggregation in high concentration solutions as sketched in 
Figure 3.4.  
Interestingly, upon irradiation with 357 nm UV light, this broad peak of aggregation 
vanishes, which was attributed to the disruption of the aggregates. 
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Figure 3.4 1H-NMR spectra of of P1 in CD2Cl2 (*) with high concentration (40 mg/mL). A broad 
peak, centered on 6.2 ppm appears only in high concentration solution and is assigned to an 
aggregation peak, which vanishes  upon irradiation with 357 nm UV light. It is attributed to the 







3.1.2.4 Disruption—reaggregtion cycle examined by scanning force microscopy 
(SFM) experiment 
 
The light-induced disruption and reaggregation of P1 aggregates in solution were 
further examined by SFM experiment (Fig 3.5). A P1 solution (1 gL-1) in THF was 
irradiated with UV light ex-situ for 10 min and 40 min, respectively, and flowingly 
spin-coated onto mica surface. The sphere-like aggregates decreased in size from 
around 80 nm height (without UV irradiation) to approximately 3 nm height (10 min 
of irradiation, see inset), which was attributed to less extended (trans-rich) P1 
polymers (see Figure 3.5b). The sphere-like aggregates re-appeared again after a few 
minutes of irradiating visible light (>400 nm), indicating the disruption—





  Figure 3.5 a) SFM snapshots of P1 sphere-like aggregates deposited from solution onto a mica 
surface. After ex-situ UV irradiation for 10 min and 40 min, respectively, the size of aggregates 
decreased from around 80 nm height to approximately 3 nm height (see inset), indicating a disruption 
process of the aggregates. The sphere-like aggregates were observed again after a few minutes of 
ex-situ irradiation with the visible light (>400 nm). b) The sketch of P1 polymer in the extended 
(100%-E) state forming sphere-like aggregates. The P1 aggregates are disrupted in the cis rich (81 %-
Z) state. Images taken from ref. 25. 
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3.2 Sample preparations and experimental setup 
3.2.1 Sample preparation 
 
 In order to isolate single rod-like P1 polymers, the graphite surface has been 
modified with a self-assembled monolayer (SAM) of octadecylamine (ODA). As 
previously demonstrated, this surface allows to isolate and orient single 
macromolecules such as DNA and polyelectrolytes.74,75 First, octadecylamine (0.1 g/L 
in chloroform) was spin coated onto freshly cleaved HOPG (ZYH grade, Materials 
Quartz, Inc.) at 40 rounds per second. The resulting SAM was equilibrated in water: a 
droplet of Milli-Q water was deposited on the surface for 15 s and removed by 
spinning it off. SFM images of the ODA SAM reveal a lamellar structure with a width 
of w = 6 ± 0.2 nm (Figure 3.6).  
 
In a second step, P1 (in dichloromethane) was spin coated onto the ODA 
monolayer. The sample was then stored in ambient conditions (white light) to allow 





Figure 3.6 SFM image of ODA self-assembled monolayer on HOPG, showing 3-fold symmetric 
lamellar ODA domains with average lamellar width of w = 6 ± 0.2 nm. Its fast Fourier transformation 
in inset reflects 3-fold symmetry. The schematic on the right shows the structure of the ODA 
monolayer on the graphite surface. The small circles denote the headgroups of amine. 
 
3.2.2 Experimental setups 
3.2.2.1 SFM measurements 
 
 
Figure 3.7 (a) The MultiMode microscope (Digital Instruments Inc., Santa Barbara, CA) includes an 
optical detection head, scanner, and microscope base. (b) MultiMode SPM head and Major components 
(c) Tapping cantilever on sample surface. 
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 Imaging was performed by SFM using a multimode head (Digital Instruments Inc., 
Santa Barbara, CA) as shown in Figure 3.7a,b. The experiment was performed in 
tapping mode (Figure 3.7c). The cantilevers used were silicon Olympus 
microcantilevers (Figure 3.8) with a resonance frequency of 70 kHz and a spring 
constant of 2 N/m. The small spring constant is particularly suitable for soft samples. 
The apex of the tip is ideally point terminated; yet an effective finite apex radius 





Figure 3.8 (a) Picture of a silicon Olympus microcantilevers. (b) SEM picture of a tetrahedral tip 









3.2.2.2 Light sources 
 For trans → cis photoisomerization of P1 polymers on the surface, a LED UV light 
source (Nitride Semiconductors Co., Ltd. see Figure 3.9a) was used in order to easily 
project UV light onto the polymers on surface. The estimated intensity is 
I ≈ 150  W/cm2. The output spectrum of UVlight (Figure 3.9 a) shows a clean peak 
output centered around 365 ± 10 nm, which is within the trans band of the P1 
polymer. The UV light indeed triggers trans to cis photoisomerization of P1 polymers 
in dichloromethane (concentration 1g/L in 0.1 mm cuvette) as indicated by a 
decreased trans band and an increased cis band (Figure 3.9b); the same behavior has 
previously been shown in Figure 3.2a. 
 
Figure 3.9 (a) Relative output power vs wavelength of UV light (365 ± 10 nm,  LED flash light, 
Nitride Semiconductors Co., Ltd.) shows a clean peak centered at 365 nm. (b) Time evolution of the 
absorption spectrum of P1 polymers in CH2Cl2  upon irradiation with UV light shown in (a). 
 
For the cis → trans photoisomerization of P1 polymers on the surface, I used the 
blue light at 436 ± 5 nm from a mercury lamp, Carl Zeiss HBO 50 (Figure 3.10a). The 
output at wavelengths other than 436 ± 5 nm were efficiently blocked by the filter 
(AHF Analysentechnik F27-436, see Figure 3.10). The intensity of the blue light is 
estimated to be I ≈ 40 mW/cm2. 
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Figure 3.10 (a) Spectral intensity of a mercury lamp, Carl Zeiss HBO 50 with sharp blue light 
centered around 436 nm. (b) The transmittance of a 436 nm filter that is used to allow only blue light of 
436 nm passing by.  
 
  
The incident light was guided and focused onto the sample surface at 45° incident 
angle (Figure 3.11), generating a light spot of 1 cm diameter on the sample. During 
irradiation, the cantilever was lifted up to avoid blocking the incident light. 
 
 
Figure 3.11 (a) Sketch of the incident UV light (365 nm) and blue light (436 nm) guided and 




Chapter 4  
Results and Discussion 
 
4.1 Alignments of rod-like azobenzene-containing polymers on 
nano-rows of amphiphiles  
 
4.1.1 Introduction 
  Controlled alignment of single macromolecules on a solid substrate is a key 
challenge in nanoscience. Many studies about alignments on the single 
macromolecular level were carried out by employing a so-called “molecular 
workbench”, which consists of an atomically flat substrate, such as the basal plane of 
highly oriented pyrolytic graphite (HOPG), covered with a monolayer of molecules 
such as alkanes or amphiphilic hydrocarbons,69,73 that interacts and orients the on-top 
adsorbed single macromolecules. Subsequently, both the molecular substrate and the 
aligned single macromolecules can be visualized and correlated by scanning force 
microscopy (SFM) at a resolution on the nanometer scale. 				
  Octadecylamine (ODA) molecules tiling HOPG has been proven a good candidate 
for aligning macromolecules such as DNAs74,76,79 and synthetic polyelectrolytes.74,79 
Negatively charged polyelectrolytes adsorb strongly to the positively charged amine 
head group of ODA, forming straight polymer segments parallel to the ODA lamellae. 
Besides the electrostatic interaction, the adsorption of DNA on ODA lamellae may 




I investigated the alignments and morphologies of azobenzene-containing polymers 
P1 (see Figure 4.1) at different surface coverage on ODA self-assembled on HOPG, 
and I observed the change from previously reported parallel alignment at high surface 
coverage to the both parallel and perpendicular alignment at lower surface coverage. 
Particularly, the perpendicular alignment of macromolecules on an ODA surface has 
not being reported before for polymers, such as polyelectrolytes or DNAs. I propose a 
model based on the hydrophobic interaction of alkyl side chains of the polymers with 




Figure 4.1 Chemical structure and schematic representation of P1 in the extended (trans-rich) state 
on graphite modified with an octadecylamine (ODA) monolayer. Isolated single P1 tends to align 
parallel or perpendicular to ODA’s amphiphilic nano-rails. 
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4.1.2  Parallel and perpendicular alignments 
 
Figure 4.2 SFM topographic images of (a) ODA monolayer covering graphite surface (as illustrated 
by the sketch) and rod-like azo-polymers (P1) deposited on top of ODA monolayer with different 
surface coverage of (b) 4.5% (c) 35.3%  (d) 49.5%. The zoom-in images (100nm×100nm) show that on 
single lamellar domain polymers are aligned parallel and quasi-perpendicular with respect to lamellae 
at lower surface coverage (b and c), and predominately parallel aligned at higher surface coverage 
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(d). The insets are fast Fourier transform (FTT), showing the signals of the lamellar pattern of ODA on 
graphite (indicated by red cycles for the easy seeing of eyes). 
 
  Figure 4.2(a) shows the SFM topographic image of an ODA monolayer with 
differently oriented domains covering a graphite surface. The ODA molecules in each 
lamellar domain orient in the same direction as illustrated by the sketch. The fast 
Fourier transform (FFT) in the inset shows six symmetric spots, reflecting three-fold 
symmetric alignments of ODA domains on the graphite surface. The subsequent 
deposition (spin coating) of P1 solutions of different concentrations of 0.005 g/L, 
0.2 g/L and 1 g/L onto an ODA monolayer results in 4.5% (b), 35.3% (c) and 49.5% 
(d) surface coverage, respectively. The FFT images in the insets of (b) and (c) show 
six symmetric spots, reflecting three-fold symmetric alignments of ODA domains on 
graphite. Due to the higher coverage of polymers in (d), the lamellae can only be seen 
in the zoomed-in image. 
The zoomed-in images (100nm × 100nm) in Figure4.2 (b), (c) and (d) were selected 
from a single ODA domain (in which ODA molecules oriented in the same direction), 
showing both the polymers and the ODA lamellae underneath. The orientation of 
lamellae in a single ODA domain can be identified by symmetric pair signals in FFT 
(see insets). With only few higher protrusions, the deposited P1 polymers in every 
surface coverage exhibit a rather thin sub-monolayer with an average height of 
0.8±0.2 nm, which corresponds to the height of a single polymer. Such a homogenous 
height distribution suggests that the deposited polymers have sufficient time to 




  Two categories of polymeric morphologies are found in the P1 sub-monolayer, 
namely, polymeric ribbons and polymer rods. In low, 4.5%, surface coverage in (b), 
we observe mainly single rod-like polymers, whereas in high and middle surface 
coverage (c and d), mainly polymeric ribbons are observed. Notably in a previous 
study25 it was observed that P1 polymers in organic solvents will usually form 
spherical aggregates, which can be reversibly disrupted by alternating irradiation with 
UV and visible light. The SFM images here suggest that diluting the P1 solution can 
also disrupt P1 aggregates in a solvent. 
 
  Polymeric ribbons are generally wider and longer strips that connect to other 
polymeric strips or rods. In general, ribbons have apparent widths ranging from 10 nm 
to 22 nm, and apparent heights ranging from 0.7 nm to 1.6 nm. Based on the size of 
the ribbons that are longer and wider compared to single polymer rods and in some 
instances that two ribbons converge to one, we attribute such thin 2-dimentional 
polymeric ribbons to a few polymer chains lying flat parallel to one another with their 
dodecyl-side chains partially interdigitated. The large space (2.4 nm) between two 
dodecyl side chains alone the backbone of P1 (Figure 4.1) should allow the insertion 
(or interdigitation) of dodecyl-chains from another polymer chain. Recent research80 
revels that a similar polymer designed with smaller space (1.4 nm) between two 
dodecyl-chains can interdigitate nicely their dodecyl side chains with neighboring 
polymer chains to form a zipper structure in the bulk.  
 
  The isolated polymer rods with an apparent width of ≈	 10 nm and height of ≈	0.7 nm have been previously assigned to single P1 polymers adopting rather 
stretched (trans-rich) backbones imaged with the same SFM tips.26  
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  Interestingly, both polymer rods and ribbons seemed to align in certain directions 
related to the underlying ODA lamellae. At high surface coverage (d), both P1 
polymer ribbons align predominately parallel to the lamellae. At intermediate surface 
coverage (c), however, quasi-parallel and -perpendicular alignments of ribbons can be 
seen, exhibiting some sharp turns at angles around 90° (see zoomed-in image), which 
is different from previous reports of turning angles at 60° and 120°, reflecting the 
3-fold symmetry of the underlying pattern. This 90° difference in alignments can be 
seen more clearly at low surface coverage (b), where single polymer rods align either 
parallel or quasi-perpendicular within a single ODA domain (see inset). 
 
  In order to find out which angles of P1 polymer with ODA lamellae are present, a 
statistic analysis of the angle distribution was performed on single polymer rods at 
low surface coverage. The angles of 43 polymer rods related to lamellae were 
measured and presented from -45° to 135° with 5° intervals in Figure 4.3. Here, 0° 
represents the parallel alignment of the axis of the polymer rods to the underlying 





Figure 4.3 Number of P1 polymer rods at different angles relative to ODA lamellae.  
 
  Figure 4.3 shows two dense populations of P1 rods align around 0° and 90° that 
represent two regions of parallel and perpendicular alignments, respectively. Curve 
fitting (Gaussian) revels that the peak around 90° (FWHM =13.9°) is about twice 
broad as the peak around 0° (FWHM = 7.4°). Although there are few orientations of 
polymer P1 rods beyond both regions of parallel and perpendicular alignments, 88 % 
of the polymer rods lie within these two regions. 
 
  To our knowledge, the perpendicular alignment of single macromolecules on an 
ODA surface has not been reported by previous studies of macromolecules, such as 
DNA or negatively charged polyelectrolytes that adsorb onto the positively charged 
amine groups in the ODA pattern, resulting in a solely parallel alignment.79,74,76 Since 
P1 polymers are electrically neutral, the alignment of the P1 polymer on the ODA 
pattern should not be driven by electrostatics. After examining carefully the 
composition of the P1 polymer, H-bond formation or π-π stacking interactions with 
the ODA pattern is also not likely. The remaining most possible interaction that 




Figure 4.4 P1 polymer rod is represented by a straight black line (backbone) and a red line 
orthogonal to it (pair of dodecyl side chains) that prefer to align parallel or perpendicular to the 
amphiphilic “nano rows” of octadecylamine. 
 
  In the following I propose a model to understand how the hydrophobic interaction 
may contribute to the parallel and quasi-perpendicular alignments of P1 polymer on 
ODA pattern. It is well known that ODA lamellae serve as amphiphilic nanoscopic 
“rows”.75,72,81 The hydrophilic rows of the amine headgroups, and the hydrophobic 
rows of the alkyl chains are represented by gray and white rows, respectively, in 
Figure 4.4. The backbone and the hydrophobic side chains of P1 polymer rods are 
represented by black and red lines, respectively. I assume that the dodecyl side chains 
of the polymers are stretched so that all alkyl chains can adsorb on the underlying 
substrate to maximize the adsorption energy.82  
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  In order to simplify the model further, I assume that the interaction of the 
backbone of P1 with the ODA pattern is less important due to the bulky methyl 
groups and the large twist angle (Φ,Φʹ) between the chromophores that should 
reduces the direct contact of the backbone atoms with the surface. Therefore, I 
conclude that the dodecyl side chains play the critical role for the alignments I 
observed here. 
 
  The relevant variables in this model are the aligning angle (θ), the angle between 
the polymer’s backbone and a hydrophilic row, and translational displacement x, i.e., 
the distance from a hydrophilic row to the left end of the polymer’s first side chain, as 
sketched in Figure 4.4. The hydrophobic side chains of a polymer lying on the 
hydrophilic rows of ODA are considered energetically unfavorable. Such unfavorable 
contact is proportional to the total length of its side chains on the hydrophilic rows at 
a given θ and x. In order to minimize such unfavorable contact, polymer rods should 
optimize θ and x during deposition to have all their side chains on the hydrophobic 
rows. Therefore, the objective is to find all possible “zero-contact” angles θ0, where 
all the side chains of a polymer rod have zero contact with hydrophilic rows. 
 
  With optimized x, the aligning angle θ = 0° could be one of the “zero-contact” 
angles where no side chains are on hydrophilic rows (see Figure 4.4). This is because 
the P1 polymer has a narrower width (3.3 nm) than the hydrophobic row (4.64 nm). 
Along the same lines, the aligning angle θ = 90° is another zero-contact angle. This is 
because the width of a hydrophilic row (0.53 nm) is significantly smaller than a 




Figure 4.5 Calculated total length of unfavorable contacts at different aligning angles for a polymer 
rod with averaged length 22.5 nm (or ca. 9 repeat units) 
 
  Figure 4.5 shows the calculated sum length of side chains on hydrophilic rows at 
different aligning angles for a polymer rod of 22.5 nm length (an averaged length 
from our data) or 9 repeat units. The values of translational displacement x are 
optimized separately in the region (-45° to 45°) and in the region (45° to 135°) to 
insure that zero-contact angles θ0 around 0° and 90° will be maximized. The result in 
Figure 4.5 shows the unfavorable contact of side chains on hydrophilic rows ranging 
from 2.3 nm to 4 nm could drop to zero around 0° (parallel alignment) and 90° 
(perpendicular alignment) and the possible zero-contact angles θ0 are 6° (from -3° to 
3°) and 18° (from 82° to 99°) in parallel and perpendicular regions, respectively. 
Therefore, this result shows not only perpendicular alignment is possible, but also 
suggests a rather broadened angle distribution around perpendicular alignment, which 
is in accordance with our experimental data in Figure 4.3.  
  However, this model cannot explain some few orientations of polymer P1 rods 
beyond both parallel and perpendicular alignment in Figure 4.3. The possible reasons 
could be due to local surface defects in the ODA monolayer or a possible 
reorientation of amphiphile molecules in close vicinity of the polymer backbone that 
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cannot be resolved by SFM. The other possible reason could be due to rather speedy 
evaporation of the solvent from the polymer that leaves less time for polymer rods to 
orient to most favorable orientations. Actually, the real modeling should involve more 
complex calculations of the interactions of polymers with the underlying surface 
atoms as well as the kinetic during deposition should be considered, which is beyond 
the scope of this thesis. Nevertheless, the model provides a simple way to explain 
qualitatively both parallel and quasi-perpendicular alignments of polymers 
functionalized with alkyl side chains lying on the amphiphilic nano-rails. 
  The reason why mainly parallel alignments of polymer are observed at high 
surface coverage is probably that at higher density polymer-polymer interactions 




 Azobenzene-containing rod-like polymers functionalized with alkyl side chains 
have been deposited as single polymers from solution at different concentrations onto 
ODA monolayers on the basal plane of HOPG. At high surface coverage polymeric 
ribbons are dominant, whereas at low surface coverage single isolated rod-like 
polymers are observed with both, the unusual perpendicular and the more common 
parallel alignment of P1. A model based on the hydrophobic interaction of the side 
chains of the polymers with well-defined amphiphilic nano-rows can qualitatively 
explain both parallel and rather broadened perpendicular alignments, which should be 
taken into consideration for both study and development of bottom-up molecular 
systems including amphiphilic lamellar structures. 
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4.2 Light-induced contraction and extension of single 




  Control over the motion of single molecules is a fundamental challenge in the field 
of nanotechnology, in particular for the development of artificial molecular 
machines3,4,83 and typically requires to convert external energy—either chemical fuels 
or physical stimuli—into movement through concerted conformational changes. 
Ingenious systems have been developed, sometimes inspired by Nature, such as 
artificial muscles8,15 and DNA/molecular walkers,84–87 or by our macroscopic 
surrounding, like molecules resembling wheels,88 pinions,5 and even cars,11,13,14 for 
which the most sophisticated example to date is a system equipped with four rotary 
motors fueled by electrons via voltage pulses.89 Physical stimuli, which are 
particularly attractive as they allow for non-invasive control with typically high 
spatial precision, include electrons,89–91 mechanical manipulation via the tip of a 
scanning probe microscope,88,5 and light.92  
 
In that context, molecules able to undergo reversible conformational changes 
leading to large contraction and extension of their structures are of potential great 
interest. Small molecules, such as azobenzene photoswitches,93 usually exhibit 
contractions and extensions of low amplitudes due to their limited size,39,41,43,44 while 
macromolecules are more promising for obtaining mechanical movements over larger 
distances.16,17,48 Recently, Bléger et al. have shown that drastic contraction/extension 
cycles can be induced in solution on command in rigid-rod polymers incorporating 
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many azobenzene photoswitches in the main-chain (see P1, Figure 4.6).25 The 
embedded photoswitches act as hinges, which upon light-induced isomerization lead 
to reversible shrinking and stretching of the polymer backbone. One key element of 
the molecular design is the rigidity of the backbone, in that case a 
poly(para-phenylene), which maximizes the photodeformation and should eventually 
allows for enabling large mechanical motion. Another crucial aspect of the design is 
the introduction of large twist angles between the azobenzene units in order to break 
the conjugation. This point ensures to attain a trans-rich photostationary state (PSS) 
upon irradiation with UV-light, since azobenzenes directly connected at their 
para-positions display rather trans-poor PSSs.67 Rigid-rod polymers P1 were shown 
to perform in solution, exhibiting conformational rigid-rod → random-coil transitions 
accompanied with changes in hydrodynamic volume of ca. 75%, as determined by 
static and dynamic light-scattering measurements. Nevertheless, in order for linear 
chains to eventually act as molecular machines, i.e. able to transport/manipulate other 
objects or perform mechanical work, they arguably have to be interfaced with robust 
scaffolds such as nanotubes, particles, or planar surfaces.94 
 
In this section, we will present the immobilization and orientation of the 
photo-shrinkable linear polymer P1 on a modified graphite surface, and provide a 
direct visualization of dramatic extensions, contractions, and crawling movements of 
single macromolecules induced by a physical, non-invasive stimulus, i.e. light.95–97A 
“molecular workbench” was employed, consisting of the graphene surface of highly 
oriented pyrolytic graphite (HOPG) covered by an ordered monolayer of flat lying 
octadecylamine (ODA), which has been used to both orient single macromolecules 
and manipulate them by scanning force microscopy (SFM) techniques.79 Indeed, the 
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ODA monolayer decouples the polymers—both mechanically and electronically—
from the surface, a point of prime importance since a strong mechanical coupling 
would prevent the polymers to move at all while an electronic coupling with the semi-
metallic surface could impede the photoswitches to isomerize via fast quenching of 






Figure 4.6 Chemical structure and schematic representation of P1 in the extended (trans-rich) and 
contracted (cis-rich) state on graphite modified with an octadecylamine (ODA) monolayer. Isolated 
single P1 can shrink and stretch upon exposure to UV (λ = 365 nm) and visible (λ = 436nm) light, 






4.2.2 Light-induced contraction of single polymers 
 
4.2.2.1 Identifying single polymers on a surface 
 
Rigid-rod polymers P1 deposited on a graphite surface coated with an ODA 
monolayer were imaged by SFM (Figure 4.7a). Some rather high protruding defects 
serve as markers to ascertain that all SFM images were taken at the same location. 
Two different aligning directions with 60° orientation difference of the rod-like 
polymers P1 mark a clear grain boundary at the top left corner, reflecting the 3-fold 
symmetry of the ODA lamellae under the P1 polymers.74,79 Many straight rod-like 
conformations confirm that the initial configuration of the polymer is trans-rich, as 
received from the synthesis and corresponding to the thermodynamically most stable 
form of azobenzene. Occasionally, some kinks within a chain as well as overlapping 
of different polymers were found, but overall P1 macromolecules are aligned along 
the ODA lamellae located underneath. These lamellae serve as soft nanoscopic 
“rails”, with the chemical nature of the hydrophilic head groups and the length of the 
alkyl chains defining a surface potential ripple, thus orienting the single polymer 










Figure 4.7 (a) SFM image of rod-like polymers P1 aligned along ODA lamellae before UV 
irradiation. (b) Zoom-in image showing that the ODA lamellae were preserved post-deposition 
(width 6 ± 0.2 nm) with the rod-like polymers aligned along the axes of the lamellae. (c) SFM image of 
the same area after 8 min of UV irradiation, (d) zoom-in image. (e) Cross section along the white line 
in (a) showing that P1 polymers exhibit a homogeneous height of 7 ± 1 Å. (f) Cross sections along the 
parallel blue and red lines in (b) and green dashed line in (d) showing a lamellar structure (width 
6 ± 0.2 nm, lamellar peaks are indicated by vertical lines); the height of one rigid-rod polymer P1, 
centered at a “valley” of the ODA lamellae changes from ca. 0.7 nm to ca. 0.9 nm upon UV irradiation. 
The black line indicating a length of 9.8 nm defines the apparent width of the polymer, as estimated 
from a model sketched in (g). 
 
Interestingly, deposited P1 polymers exhibit a rather homogeneous height of 
h = 0.7 ± 0.1 nm, as indicated by a cross section profile (Figure 4.7e, along the white 
line Figure 4.7a). The experimental height approximately matches the expected 
molecular width of the backbone of P1, as estimated by the distance between two 
methyl groups placed in meta-position on one phenyl ring, dmethyl-methyl ~ 0.5 nm. The 
first two rods (numbered 1 and 2 in Figure 4.7e) have a characteristic width of 10 nm, 
which is defined as the thinnest apparent width among P1 rods, and the distance 
between them is ca. 18 nm (about three lamellae). Note that the measured widths are 
broadened due to the finite SFM tip radius78 (see discussion below for more details). 
The third and fourth rods (3 and 4) are separated by only 12 nm (about two lamellae), 
where the tip of the cantilever cannot go down to the surface due to the finite radius of 
the SFM tip apex, explaining why these two peaks are only partially resolved. The 
fifth polymer has a kinked spot, resulting in a slightly larger width. Although many 
closely aligned parallel polymers cannot be fully resolved by the SFM tip, some 
completely isolated rods can be identified. 
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Both P1 polymers and ODA lamellar structures can be clearly seen in zoomed-in 
images (see Figure 4.7b). The blue line shows that the cross section of the lamellae 
(blue line in Figure 4.7f) exhibits periodic peaks and valleys (peaks are marked by 
vertical lines in Figure 4.7f) with the characteristic lamellae width of 6 ± 0.2 nm, 
which is very similar to the width prior to the deposition of P1 (see Figure 4.11), 
indicating that the ODA monolayer was not altered by the deposition of the polymers. 
The red line in Figure 4.7b shows the cross section of a single P1 polymer located 
above a valley of the lamella (see also red line in Figure 4.7f) with a width of ca. 
10 nm. 
 
The sample was irradiated with UV light  (λ = 365 nm) for 8 min, (Figure 4.7 c). 
The color saturation (white) was set to 1.5 nm. One can observe that before irradiation 
nearly all P1 polymers are under 1.5 nm height whereas after irradiation, several parts 
of P1 polymers exceed 1.5 nm height. Besides the increase of the height, most of the 
rods were also shortened. Zoom-in images in Figures 4.7b and d highlight a polymer 
chain, which was shortened after irradiation and concomitantly exhibits an increase in 
height from 0.7 nm to 0.9 nm (see green dash line in Figure 4.7f)). The increase in 
height accompanied by the shortening of the rods indicates a shrinking process, which 
can be attributed to the trans → cis photoisomerization of the embedded azobenzenes. 
In order to evaluate the efficiency of this process, the level of contraction was 
measured on a large scale image as the change in the area occupied by the polymers, 
which amounts to a 23% decrease (see Appendix II, Figure A3). 
Due to the finite radius of the SFM tip apex, lateral dimensions of objects are 
generally overestimated, since the tip starts to interact with the imaged object before 
the tip apex encounters it.  In order to know if the measured characteristic width could 
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be the actual width of single polymer, the process of deconvolution was applied by 
using the following model (Figure 4.7g). I assume the cross section of a single P1 
polymer to be rectangular with a width w and height h. By assuming further that the 
tip is capped with a semisphere with radius R, the apparent width of a P1 polymer can 
be estimated to be 𝐿 = 𝑤 + 2 2𝑅ℎ − ℎ!. Here, I took h from the apparent height, 
h = 0.7 nm, and assumed the real width to be w = 3.3 nm (assuming that dodecyl 
chains of P1 are fully stretched, possibly on the alkyl chains of the ODA molecules). 
Taking R = 8 nm, i.e. a typical tip radius, I obtained an apparent width of a single P1 
polymer to be L = 9.8 nm (black line in Figure 4.7f), which correlates well with the 
measured apparent width. Therefore, I attribute the P1 rods with its characteristic 
width to the width of single polymers. The formation of P1 dimers and higher 
aggregates is in any case not likely due to the bulky, highly twisted tetra-methyl 
biphenyl linkers present in the backbone of the polymer. In summary, based on the 
width, the height, and the geometry of the polymers, I can conclude that the measured 
rods are single (macro)molecules. This conclusion was further verified by the 
behavior of P1 upon irradiation. 
 
4.2.2.2 Light-induced contraction 
In a further study, another sample was irradiated at λ = 365 nm for 30 s, 2 min, 
4 min, 9 min, 19 min, and then at λ = 436 nm for 10 min to induce the trans → cis 
and back cis → trans isomerization, respectively (see Movie S1 for snapshots of P1 
polymers undergoing contractions and extensions). The width of the ODA lamellae 
seems to be unchanged after switching the P1 polymers (see Figure 4.11), indicating 






Figure 4.8 (a) SFM snapshots showing the shrinking of two single polymers (I and II) after UV 
irradiation for 30 s, 2 min, 4 min, 9 min, and 19 min (two kinks in single polymer II are indicated by 
red arrows). (b) Changes in length, width, and height (highest point) of the polymers I and II during 
irradiation. (c) Normalized contraction measured on six well-isolated single polymers with lengths 
ranging from 62 nm to 92 nm (mean values plotted with standard errors). 
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Figure 4.8a shows selected SFM zoom-in images of two different locations, 
following the contraction of two single rigid-rod P1 polymers (I and II) upon 
UV-light irradiation. For I the apparent length changed from 60 nm (ca. 25 repeat 
units) to 22 nm (see Figure 4.8b, I), while the width increased from 13 nm to 24 nm 
and the height from 0.7 nm to 1.4 nm. After 19 min of irradiation, no further change 
in size was observed, indicating that the polymer reached a PSS. Both length and 
width attained nearly equal values, suggesting that the single chain has adopted a 
more compact, disk-like shape. Considering that the geometry of a single rigid-rod P1 
polymer is cylindrical, the aspect ratio can be defined as the ratio of the width to its 
length. Using the apparent widths and lengths, the aspect ratio was evaluated to 
change drastically, from 1/4.6 to 1/1, i.e. from a rod-like to a disk-like morphology. 
This particular change in aspect ratio was also observed in solution by light-scattering 
measurements.25 Drastic contraction of ΔL = 38 nm (from 60 nm to 22 nm) was 
measured in that particular case, whereas for II, which is longer, this value reached 
ΔL= 48 nm (from 83 nm to 35 nm, see Figure 4.8b, II). Similar measurements 
performed on several other well isolated single polymers confirm this trend, i.e. upon 
UV-light irradiation lengths are typically reduced by about 60%, while heights and 
widths nearly double (see Figure 4.8c). The direct visualization of such high level of 
directly light-induced contraction in a single (macro)molecule is quite remarkable. It 
should be noted that another example of this kind, reported by Baigl and coworkers,47 
details the indirect light-fueled compaction of DNA, with azobenzene-containing 
polyamine aqueous solution acting as the photoswitchable medium, i.e. the motion of 




4.2.2.3 Nonlinear behavior of polymer’s contracting process 
Based on the observation of the nonlinear shrinking process in Figure 4.8b,c, one 
may try to elucidate the shrinking and extending process of these rod-like polymers 
on a surface. It is clearly seen that the shrinking of polymers (I and II) does not result 
in positional shift (though with only few exceptions, see following sections), 
indicating the shrinkages of the two sides from the center of the rod-like polymer are 
equal; therefore, the light’s exposure on single polymer should be evenly distributed. 
Considering the light’s exposure on a single polymer being uniform, the isomerization 
probability for azobenezenes at the backbone of the polymer should not be equal. 
Due to the symmetric morphology of the rod-like P1 polymer, the two sides of the 
polymer should have a symmetric distribution of isomerizing probability. If an 
azobenzene photoswitch at the center of the polymer is isomerized to perform the 
trans → cis transition, this would mean that in order to adopt the cis conformation the 
azobenzene should be able to move at least one long arm from either sides of the 
polymer, i.e., exerting a higher force to overcome a greater steric hindrance, whereas 
the azobenzenes around the two ends of polymer only need to overcome the steric 
hindrance of the shorter part of the polymer. In other words, in the beginning of the 
irradiation the azobenzenes embedded around the two ends of a polymer should have 
a higher probability to be switched. Therefore, I assume the azobenzene 
photoswitches around two ends will be switched earlier. This assumption coincides 
with  the observation of nonlinear behavior in Figure 4.8.  
In the early stage of UV irradiation (corresponding to the first five minutes of 
polymer I in Figure 4.8), some azobenzene photoswitches around the two ends of 
polymer are the first to be contracted, resulting in rapid shrinkage of the polymer 
(about 30 nm). During this early stage, however, the increase of the height of the 
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polymer (only by 0.3 nm) was not as noticeable, indicating that the conformational 
change of azobenezene in this stage mainly causes shrinkage in length. The small 
increase in height may indicate that isomerization of azobenezenes in this stage does 
not need to move the longer part (arm) of the polymer.  
 In the next stage of UV irradiation (corresponding to 10 minutes time of UV 
irradiation), the shrinkage of length and broadening of width are approaching 
saturation, yet the height increases noticeably to two times of its original height 
(polymer I) or three times (polymer II). In this stage, azobenezenes (probably closer 
to the center of polymers) could isomerize by moving larger parts of the polymer that 
translated to an increased height and a broadened width. 
In the final saturating stage of UV irradiation (corresponding to 19 minutes of UV 
irradiation), changes in all three dimensions of polymer have reached saturation in 
photostationary state (PSS). 
 
4.2.3 Crawling movement of polymer on surface 
 
 
Figure 4.9 SFM snapshots of the same location (extracted from Movie S1, green frame) showing the 
crawling movement of a single P1 polymer upon UV-light irradiation for 9 min and 19 min. The 
bending (b) and shrinking (c) of the polymer results in a translational movement, indicated by a 
ca. 10 nm shift of the center of the macromolecule (see red cross). 
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Besides the light-induced formation of disk-shaped single-chain polymeric 
nanostructures associated with the high levels of contraction, I also observed crawling 
movements of some polymers during UV-light irradiation. Figure 4.9 shows SFM 
snapshots of the same location (extracted from Movie S1, green frame), where a 
polymer, which was initially fully stretched (Figure 4.9a), is contracted and at the 
same time, shifts its center over ca. 10 nm (see the red cross). In the snapshot it is 
evident that this translation was achieved through subsequent bending and contraction 
of the backbone, resembling a crawling motion. This particular movement is an 
additional strong proof that the observed polymer is indeed a single macromolecule. 
The crawling movements of azobenzene-polymers on surface could be seen as a 
consequence of photo-isomerization. Especially, the directional bending of a single 
polymer suggests anisotropic interactions that are present during irradiation. I assume 
that this anisotropic interaction should have come from the microenvironment, 
namely, the underlying molecular surface, surface defects or neighboring polymers. 
As it is a common observation that aggregation takes place during 
photo-isomerization, I assume the directional bending to be due to intermolecular 
interaction between polymers while the photo-isomerization is taking place. The 
crawling movements enable one single P1 polymer to move toward (or aggregate) to 
another polymer (see Figure 4.9). As the light is generating more cis isomers and 
thereby dipole moments, the dipole-dipole interaction within and between polymers 
may become the source of anisotropic interaction in their local environment. P1 
polymers (in Figure 4.9) are in close distance (≈10 nm) to its neighboring polymers, a 
distance that allows polymers to interact while letting SFM to track its bending. More 
	 58	
discussions about the influence of the local environments on P1 polymers will be in 
chapter 4.3. 
 
4.2.4 Light-induced extension 
 
 
Figure 4.10 SFM images of the same location (extracted from Movie S1, red frame) showing a P1 
disk-like polymer nanostructure that extends (see arrows) upon irradiation at λ = 436 nm for 10 min, as 
a result of the cis → trans isomerization of the azobenzenes in the backbone. 
 
Following UV-light irradiation, I irradiated the same sample with visible 
(λ = 436 nm) light in order to investigate the reversibility of the process, i.e. to induce 
the stretching of the previously contracted polymers. In a selected SFM image 
(Figure 4.10), one globular structure extends dramatically (see arrows, extended 
distance ≈ 30 nm), as a result of the cis → trans isomerization of the azobenzenes. 
Several of these newly extended rod-like structures can be found after blue-light 
irradiation, but not all of the polymers were stretched back. Clearly, azobenzenes in 
cis-rich P1 are not as photoactive as they are in the rod-like geometry of 
trans-rich P1, possibly due to an increased steric hindrance and lack of free volume 
inside the polymeric particle. 
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4.2.5 Preservation of ODA lamellae after irradiation 
 
It has been reported previously that ordered/disordered amphiphilic monolayers of 
dodecylamine on HOPG can affect the morphologies of on-top deposited 
macromolecules.99 In that report raising the temperature could cause the transition of 
the dodecylamine monolayer on HOPG from an ordered to a disordered structure such 
that the width of the dodecylamine lamellae becomes larger and eventually 
disappeared in the SFM image.  
In order to determine the influence of temperature on both the ODA monolayer and 
P1, the sample was heated up to 55°C (the ODA’s melting point is 52 °C). The results 
(see Appendix III) show that the rod-like morphology of P1 was unchanged even at 
45°C and the changes were found only after heating above the melting point of ODA. 
This indicates that the ODA monolayer is relatively insensitive to temperature, which 
may be attributed to ODA’s longer alkyl chains that formed a more stable lamellar 
structure on HOPG. 
Furthermore, in order to determine if the observed conformational changes of P1 
polymers are influenced by the changes in the underlying molecular substrate, here, I 
checked the morphological integrity of ODA lamellae on HOPG before 
(Figure 4.11a) and after deposition of P1 polymers (Figure 4.11b), after UV 
irradiation (Figure 4.11c) and after blue light irradiation (Figure 4.11d).  
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Figure 4.11 (a) In the zoomed-in SFM image (100nm×100nm),	 the	ODA lamellar structure was 
formed on graphite with a width w = 6 ±	0.2 nm, measured by the Fourier transform of the image. 
(b) After deposition of P1 polymer, the ODA lamellae were preserved with a width of w = 6.3 ±	0.3 nm. 
(c) After 19 minutes of UV irradiation, the lamellae remained observable with a width 
w =  5.8 ±	0.3 nm. (d) Finally, after 10 minutes of 436 nm irradiation, the lamellae remained observable 
with a width w = 5.7 ±	0.3 nm. The morphology of the lamellar structure remained straight and 
undistorted even in the regions close to P1 polymers.  	
The results in Figure 4.11 showed that the morphology as well as the width of the 
ODA lamellae were not substantially altered by the deposition of P1 polymer or 
irradiation with light of different wavelengths (the variations lie within the error of the 
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measurement). Therefore I assume that the ODA lamellae remain orderly adsorbed on 




In conclusion, I demonstrated that single rigid rod-like azobenzene-containing 
macromolecules can be immobilized, oriented and isolated on the well-defined 
surface of a self-assembled ODA monolayer tiling HOPG. Dramatic contractions and 
extensions of single macromolecules on the surface were induced by light irradiations 
with different wavelengths. The successful photoisomerization processes can be 
attributed to the weak mechanical and electronic coupling of the polymer with the 
surface due to the isolating molecular monolayer. This study reports the directly light-
induced motion of single macromolecules at a surface, which is visualized and 
analyzed in detail. Besides the internal motion of the polymers, light-induced 
crawling movements of single polymers on a surface were described. Further control 
over the directionality should be possible—for example through the use of polarized 






4.3 Directed intramolecular motions of single zobenzene-containing 
polymers on heterogeneous ODA surface induced by light 
 
4.3.1 Introduction 	
In the previous sections, the synthetic rigid-rod polymers (P1) incorporating 
multiple azobenzene photoswitches were oriented on octadecylamine-modified 
surface and the light-induced movements were visualized by in-situ scanning force 
microscopy. In this section 4.3, I will discuss the role of the ODA molecular substrate 
in orienting or directing the contracting/extending movements of the polymers on the 
surface. 
Controlling the molecular motion along a one-dimensional track on a surface is a 
fundamental challenge in the field of molecular machines.87 Inspired by natural motor 
proteins, such as kinesin-I,100,101 that can move along a one-dimensional track of 
polymeric filaments, scientists have employed molecular “tracks” that restrict the 
degrees of freedom of moving molecules powered by external stimuli; for example, a 
molecular “spider”, fueled chemically, can be guided along a DNA origami track,84 or 
pulling mechanically a pinion-like molecule along the edge (track) of a 
self-assembled molecular island causes the directional rotation of that molecule.5  
Self-assembled molecular monolayers, sometimes acting as templates for the 
adsorbates, provide complex landscapes that can be potentially utilized as molecular 
tracks. As being demonstrated in 4.1, octadecylamine (ODA) self-assembled on a 
graphite surface provides amphiphilic lamellae (nano-rails) that orient the deposited 
P1 polymers to either parallel or perpendicular orientation (with respect to lamellar 
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axis). Beside the landscape of lamellae, self-assembled ODA monolayer on graphite 
also provides the landscape of one-dimensional domain boundaries and edges of 
surface defects (see Figure 4.13a). Theses one-dimensional “lines” of lamellae or 
domain boundaries shown in scanning force microscopy reflect the asymmetrically 
arranged ODA molecules self-assembled on a graphite surface, which could be 
potentially utilized as “tracks” for directed molecular motion.  
Here, I will focus on how the directions of intramolecular movements 
(contracting/extending) of P1 polymers are correlated with the underlying 
heterogeneous ODA monolayer. The in-situ directional changes of 
contracting/extending movements of P1 polymers will be compared from the SFM 
images after each irradiation wavelength, composing 3 irradiation cycles.  
 
 
4.3.2 Switching probability of single P1 polymers on heterogeneous 
ODA surface 
First of all, P1 polymers in solution of low concentration (0.005 g/L) were spin 
coated onto an ODA monolayer tiling the graphite surface without any light 
pretreatment. The SFM image in Figure 4.12 shows the typical P1 rod-like polymers 
on top of a self-assembled ODA monolayer. The three main landscapes of the ODA 
surface, on which most of P1 polymers were absorbed, are domain boundary (see 
Figure 4.13, Polymer I), lamellar structures (see Figure 4.13, Polymer II) and surface 
defects (see Figure 4.12, Polymer III). 
 Then, the three UV/Vis irradiation cycles were performed by illuminating with UV 
light for 19 minutes and blue light for 10 minutes. These are time spans, which have 
been demonstrated previously (see section 4.2) to be long enough to drive single P1 
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polymers to their cis-rich and trans-rich photo-stationary states. By comparing SFM 
images taken after each irradiation, the changes in size and morphology of the 
polymers were measured.  
Here the statistics of the switching probability of single P1 polymers on an ODA 
surface was done as followings. 
 
 
 Figure 4.12 (a) The SFM topographic image showing P1 rod-like polymers deposited and isolated 
on different landscapes of lamellae, domain boundary and edge of surface defect of ODA surface. 
(b) The polymers on ODA lamellae were marked in yellow; on domain boundaries were marked in 
blue; on the edge of ODA surface defects were marked red; The polymers with unclear (or mixed) 
local environment due to the quality of the image or polymeric bundles, or aggregation took place 
during irradiation, were marked green, which will not be taken into calculation. 
 
First, the isolated P1 single polymers on different landscapes of an ODA surface 
were identified, as shown in Figure 4.12 (a). I categorized these polymers according 
to their local environment from the three main landscapes of an ODA surface, 
namely, lamellar domain, domain boundary and surface defect. (Other landscapes, 
such as step edges of graphite or contaminations on the surface are not taken into 
account.) The polymers on the ODA lamellae were marked with yellow rectangles 
(see Figure 4.12 b), the polymers on the ODA domain boundaries were marked in 
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blue rectangles, and the polymers on the edges of ODA surface defects were marked 
in red rectangles. Polymers with unclear (or mixed) local environment, not easily (due 
to the quality of the image) identifiable, polymeric bundles, or with aggregation 
taking place during irradiation, were marked with green rectangles, which will not be 
taken into calculation. 
The second step is to count the times of successful switching for every individual 
polymer for 3 UV/Vis cycles. I accumulated 7 SFM-images into a movie (see 
Movie S2) in order to see the changes during the irradiation cycles. Here, I considered 
a successful switching observed in SFM images if there is either a noticeable length 
change (10~30% contraction or extension depending on quality of image) or a 
noticeable morphological rod-coil transition. Ideally, if switching probability were 
100%, every P1 polymer would experience 6 times of a length change for three 
UV/Vis irradiation cycles. However, in reality, not every irradiation induces 
noticeable changes of the polymer’s length or morphology in the SFM images. By 
comparing SFM images (three examples are in Figure 4.13), the number of successful 
switching of each polymer was counted (as being indicated by the numbers in Figure 
A5b). The results of this statistics (see Figure 4.12b) are shown in table 4.1, showing 
that the averaged switching probability of 32 single polymers to be 42 %.  
 
             Times   of 
                 switching 







Lamellae 0 1 2 1 2 1 7 50.0% 
Domain boundary 1 3 6 3 2 2 17 41.2% 
Surface defects 1 3 4 0 0 0 8 37.5% 
                                                                                                                  Total    32            42.2%       
Table 4.1: The averaged switching probability of 32 single P1 polymers in Figure A5 according to 
three different landscapes of ODA’s lamellae, domain boundary and surface defect. 
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The relative low switching probability I observed here may be due to the limited 
capability of the SFM to detect small motions within the polymer. Some error in the 
length measurement is due to the finite tip’s apex, which hampers exact length 
determination. Another error is due to non-identical conditions in the measuring 
cycles, which may come from different sources, such as slightly different 
alignment/focus of the irradiating light, leading to different energy input. The 
different time needed in searching the polymers on the surface and SFM image 
acquisition may lead to different degrees of polymer’s relaxation at room temperature. 
The perturbation from the tapping of SFM tip during scanning could also affect the 
kinetics of the polymer’s relaxation. 
I also find that the changes in the polymer’s length and morphology are not fully 
identical in each irradiating cycle (see more clearly in figure 4.13). It may be due to 
different folding (contracting) or unfolding (extending) routes of the polymers. From 
the polymer’s point of view, unlike small molecules that switched between simply 
two states, light-induced movement of a macromolecule like P1 polymer is the 
collective motion of many mutually affecting/coupling motions of azobenzenes and 
therefore, more complicated. For example, polymer (I) in figure 4.13 with the length 
of 47 nm corresponds to 38 azobenzenes in the main chain. Therefore, if different 
azobenzene monomer in the backbone of the polymer switched at different times, it 
may lead to different folding/unfolding routes, resulting in different final size and 
shape. The heterogeneous ODA monolayer also adds the difficulty to understand the 
detailed folding/unfolding process of the polymer.   
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4.3.3 Directed intramolecular motions of P1 polymers on a 




Figure 4.13 (a) SFM images of three selected P1 polymers representing three ODA landscapes 
measured during three UV/Vis irradiation cycles. Polymer I was on a domain boundary. Polymer II 
was lying perpendicular to the ODA lamellae. Polymer III was at one edge of a surface defect. (b) The 
length changes of the three polymers during the 3 UV/Vis cycles. (c) The relative aligning angle of the 
three polymers during 3 UV/Vis cycles. 
 
Figure 4.13 shows the SFM images of three P1 polymers numbered I, II, III, 
representing different landscapes of ODA, on which polymers are absorbed. Polymer 
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(I) is lying on a linear domain boundary of ODA surface, polymer (II) is lying 
perpendicularly to the ODA lamellae, and polymer (III) is lying along a boundary 
between a lamellar domain and a surface defect (indicated by a dark area).  
After the deposition of P1 polymers on the ODA lamellae (shown in “start” 
column), i.e., before the irradiation, the P1 polymers exhibited a rather extended 
rod-like morphology, indicting the trans-rich state.  
 
Polymer (I) underwent movements of contractions and extensions as the length 
changed during 3 UV/Vis cycles (Figure 4.13b). Although Polymer (I) was one of the 
few polymers considered with 5 times successful switching (see table 4.1), it 
demonstrated the possibility of a single P1 polymer to perform repetitive 
contracting/extending motions. As shown in figure 4.13b, the changes of the 
polymer’s apparent length in each cycle are not fully identical. Moreover, the shapes 
of the polymer (I) after each irradiation are not fully identical. The main trend of this 
result, however, is in accordance with the result in section 4.2, where the P1 polymer 
contracted by irradiating UV light and extended by irradiating blue light (though due 
to aggregation only one cycle was demonstrated). 
It is also shown that in each step of irradiation, polymer (I) contracted and extended 
along the domain boundary. Measuring the orientations of extended polymer (I) after 
three times of irradiation with blue light (for the extended form of the P1 polymer it is 
easier to measure the angles), the relative aligning angles (the aligning angle changed 
related to polymer at “start”) stay close to zero (see Figure 4.13c), indicating the 
molecular extension motion was “sticking” to the linear track of this domain 
boundary. This indicates in a microscopic view that the motion of extension 
(cis→trans) of azobenzene unites in the backbone of the polymer is somehow 
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modified and directed by the underlying ODA domain boundary. While one may 
expect that the contracting motion of polymer P1 should pull the two ends of the 
polymer towards its center, it is not trivial that the stretching movement of the 
polymer would be also directionally fixed in one direction.  
 
Polymer (II) on a lamellar domain experienced similar contractions and extensions 
during irradiating cycles. It exhibits rather small changes due to its shorter length. It is 
also noticeable in figure 4.13 (b) that the length changes of polymer (II) are not the 
same in each cycle as well as the shapes are identical, which is similar to polymer (I).  
Lying in the start perpendicularly to the lamellae of ODA, polymer (II) stayed in the 
same direction throughout the 3 irradiation cycles, as indicated by relative aligning 
angles around zero in Figure 4.13c. 
Polymer (III) underwent also contractions and extensions according to the 
irradiation (see normalized length change in Figure 4.13b).  Lying on an edge of a 
surface defect (dark area in Figure 4.13a), polymer (III) changed its orientation 
stepwise as indicated by the changes of its relative aligning angle (in Figure 4.13c). 
Polymer (III) rotates firstly counterclockwise 60° after two irradiating cycles and 
rotates further 60° after a third irradiating cycle, adding up to totally 120° of rotation. 
The rotation clockwise or counterclockwise is dependent on the coupling of the 
actuating polymer with the delicate edges of the surface defect. Nevertheless, the 
difference of 60° each time reminds of the 3-fold symmetric alignment of ODA 
molecules on graphite. It is clearly seen that polymer (III) changed its orientation 
form one edge of the surface defect to another. Such orientation changes took place 
not continuously but stepwise by alternating lights of different wavelengths. 
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The change of the polymer’s alignment could be further elucidated in the following 
example where a polymer strand was partially on the lamellae and partially on a 
domain boundary.  
		
Figure 4.14 (a) SFM image of P1 polymers on an ODA monolayer with a domain boundary 
(marked by yellow dotted line). The two green arrow lines denote the directions of the ODA lamellae 
within each domain. (b) The zoom-in image shows the upper part of a polymer (marked by red 
ellipsoid) that was in the lamellar domain while the other part of the polymer was on a domain 
boundary. Another polymer strand marked by blue ellipsoid was fully on the lamellar domain (c) After 
19 minutes of UV irradiation, both polymers contracted to a globular shape as marked by red and blue 
circles. The arrows indicated the direction of the contracting movement. (d) After 10 minutes of 
436 nm irradiation, both polymer strands stretched back to the rod-like shape (marked by red and blue 
ellipsoids). The arrows indicated the direction of their stretching movement. 	
Figure 4.14a shows a SFM image of P1 polymers (deposited from solution of 
higher concentration, 1 g/L) on an ODA surface with landscapes of two ODA 
lamellar domains in two different directions (indicated by green arrows), and a 
domain boundary (marked by a yellow dotted line). The two green arrow lines with an 
angle difference of 60° reflect the 3-fold symmetry of the ODA lamellae on the 
graphite surface. The zoom-in image (b) shows a kinked polymer whose upper part 
(marked by a red ellipsoid) was on the lamellar domain while the other part was on 
the domain boundary. One neighboring polymer strand was completely on an ODA 
lamellar domain (marked by a blue ellipsoid). After 19 minutes of UV irradiation, 
	 71	
both polymer strands contracted as marked by red and blue circles in (c). The arrows 
indicated the directions of the polymers’ motions, which are parallel to the lamellar 
axis as expected. I suppose that the contractions of both polymer strands stay within 
the hydrophobic “rails” of the ODA in order to avoid the unfavorable contact with the 
hydrophilic rails of ODA (see Chapter 4.1).  
After 10 minutes blue light irradiation, both polymers stretched to a more extended 
form as marked by red and blue ellipsoids in (d). While the stretching direction 
(indicated by blue arrow) of one polymer went along with lamellar axis, the other 
polymer, interestingly, stretched in the other direction along the domain boundary 
(indicated by red arrow). The relative alignment angle after one UV/Vis cycle 
changed counterclockwise for about 120°, a number which again reflects the 3-fold 
symmetry of the underlying ODA surface. 
It is most likely that the contracted form (marked by red circle in figure 4.14c) was 
already in the vicinity of the domain boundary, or, in more physical terms, already in 
a local energy minimum of the surface potential landscape of the domain boundary. 
The “turn” of the polymer may most likely happen with the polymer in the contracted 
form due to its weaker association with the surface. I do not rule out the possibility 
that the disturbance from the scanning tip of SFM may also rotate the polymer of 
lightweight.  
The stretching motion (cis→trans isomerization) of the P1 polymers along one 
direction can be explained by the simple argument that due to azobenzene’s covalent 
bonds in the linear backbone of the polymer, the “backward” stretching is forbidden 
and forward stretching would encounter less steric hindrance. In other words, there is 
an asymmetric potential energy landscape along the backbone of the polymer, which 
determines the direction of azobenzenes’ cis→trans movement. Such asymmetric 
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potential energy landscape is one of the fundamental requirements for the directional 
molecular motion to occur.4 
Despite of all of these complicated molecular motions coupled with surface, the 
relative aligning angle change of 60° or 120° and the directional motion (especially 
the stretching motion) on ODA domain boundaries, lamellae and the edges of surface 
defect, reflected clearly the nature of the heterogeneous ODA surface and its function 




In conclusion, I demonstrated the oriented contracting/extending movements of 
unbound single P1 polymers on a heterogeneous ODA surface. The well-defined local 
environment, such as a domain boundary or the lamellar structure of the ODA 
surface, plays the role of a “track” in directing the intramolecular motions of P1 
polymers during the photo-isomerization. In some cases an alternating irradiation with 
light could change stepwise the polymer’s orientation and position, the directionality 
of which may be further controlled—for example through the use of polarized light 





Chapter 5  
Summary and Outlook 
				In summary, I demonstrated that single rigid rod-like azobenzene-containing 
macromolecules (P1) can be immobilized, isolated and oriented on the well-defined 
surface of a self-assembled ODA monolayer tiling HOPG. The surprising 
perpendicular alignment of P1 along with a parallel alignment with respect to the 
underlying lamellar surface is found at relatively low surface coverage. Both parallel 
and perpendicular alignments can be qualitatively explained by a model based on the 
hydrophobic interaction of the side chains of the polymers with the amphiphilic 
nanorails, which may help for future theoretical modeling of molecular alignments on 
the surface and also the design of a bottom-up fabrication of molecular systems. 
    Single rod-like azo-polymers, undergoing contraction and extension movements by 
irradiations at different wavelengths, were directly visualized on the surface. 
Exposing a trans-azobenzene polymer to UV light was observed to gradually decrease 
its aspect ratio from a rod-like morphology to a disk-like morphology. Especially, the 
dramatic decrease in the polymer’s length suggests a high efficiency of transducing 
photons into large mechanical movement. This successful photoisomerization is 
attributed to the weak mechanical and electronic coupling between polymer and 
surface, due to the isolating monolayer as well as the high density of azobenzenes in 
the polymer backbone. In the future this may be utilized for large-amplitude motions 
of P1 polymers to perform useful tasks, such as to move or manipulate other 
molecules.  
	 74	
 Besides the internal motion of the polymers, a light-induced crawling movement of 
single polymers on the surface was described. The crawling movement can be seen as 
a consequence of light-induced movements and was attributed to intermolecular 
interactions with neighboring polymers.  
The influence of the local environments on the light-induced molecular movements 
was further investigated by probing the repetitive switching of single polymers on 
different sites of the heterogeneous ODA surface. I demonstrated the surface-oriented 
folding/unfolding (or contracting/extending) movements of unbound single polymers 
on a heterogeneous ODA surface that can be repetitively induced by light. The 
well-defined local environment, such as a domain boundary or a lamellar structure of 
the ODA surface, plays an important role in directing the folding and unfolding 
movements of azo-polymers during photo-isomerization. In the case of weakly 
adsorbed azo-polymers on an ODA surface defect, alternating irradiation of light at 
different wavelengths could change stepwise the polymer’s orientation and position. 
Another step of pursuit could be to rotate and move the macromolecule in a controlled 
way—for example, by the use of polarized light and more mobile templates—in order 
to develop useful optomechanical nanomachines. 
    In general, the possibility to isolate single molecular machines from solution while 
maintaining their stimuli-excited responses is a crucial step towards any device 
application involving self-assembled nanostructures. The ability of isolating unbound 
single azo-polymers on a surface opens up the exciting possibility to directly visualize 
light-induced movements at the single-molecular level and to test fundamental 
molecular photoisomerization theory as well as the consequences it entails.  Further 
studies on the detailed movements of single polymers should involve the development 
of a model including all the species involved in the photochemistry and the 
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optomechanical dynamics. In any case, muscle-like P1 polymers have exhibited large 
light-induced conformational changes both in solution and on a surface and can be 
used as a key building block for the further development of nanomachines or 
incorporating them into various architectures for the access of macroscopic responses.  	  
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Appendix I:  
Mathematical formulae for modeling the alignments of P1 
 
Figure A1 A polymer rod is represented by a straight black line (representing the backbone) and a 
red line orthogonal to it (representing a pair of dodecyl side chains) that prefer to align parallel or 
perpendicular to the amphiphilic “nano rows” of octadecylamine. 
 
The variables are defined as follow: 
L: representing the width of a hydrophobic row (4.64 nm) of ODA on graphite 
l: representing the width of a hydrophilic row (0.53 nm) of ODA on graphite 
A: representing the width of stretched dodecyl side chains 
a: representing the length of a monomer 
n: representing the degree of polymerization 
i : representing the i th monomer in a polymer rod. The polymer is composed of 
monomers from i=1,2, …n 
j : representing the j th hydrophilic row. j = 1,2,… 
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θ : aligning angle, representing the angle between polymer’s backbone and a 
hydrophilic row 
x : translational displacement, representing the distance from a hydrophilic row to 
the left end of the polymer’s first side chain, as sketched 
yi : unfavorable contact length of i th monomer’s side chain on hydrophilic row. 
Y : the total length of unfavorable contact, Y= 𝑦!!!!!  
 
Now I define the starting point when the polymer strand is on a hydrophobic row, 
aligned parallel to lamella of ODA (aligning angle θ = 0°), with left side of polymers’ 
side chains touching (x = 0). Taking the left end of the polymer’s fist side chain as the 
turning axis (fixed point), the polymer strand starts to rotate anticlockwise (θ is 
increasing) until θ = 90°, which is sufficient to reflect the behavior of the polymer 
from θ = 90° to 180° due to the symmetrical geometry of the lamellae. 
 
Figure A2 Schematics of three situations on a given dodecyl side chain (i) contacting its underlying 
hydrophilic row while increasing the aligning angle (θ). A) Only the right end of dodecyl side chain on 
top of the hydrophilic row. B) Two ends of the dodecyl	side	chain	are	not	on	top	of	the	hydrophilic	row.  C) Only the left end of dodecyl side chain on top of the hydrophilic row. 
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As the aligning angle of the polymer is increasing, any given side chain i could 
undergo the following three situations, as illustrated in Figure A2. Firstly, a part of the 
polymer’s side chain i  (counting from the right) on top of the hydrophilic row is 
illustrated in (A).  That is, 
when               𝑗 𝐿 + 𝑙 > 𝑖𝑎 sin𝜃 + 𝐴 cos𝜃 > 𝑗 𝐿 + 𝑙 − 𝑙 
𝑦! = 𝐴 − 𝑗(𝐿 + 𝑙)− 𝑙 − 𝑖𝑎 sin𝜃cos𝜃  
As the aligning angle increases further, the side chain i could be covering the 
hydrophilic row, leaving some parts from the two ends on the hydrophobic row, as 
illustrated in (B).	That	is	,	 
 when               𝑖𝑎 sin𝜃 + 𝐴 cos𝜃 > 𝑗 𝐿 + 𝑙     and    𝑖𝑎 sin𝜃 < 𝑗 𝐿 + 𝑙 − 𝑙 
𝑦! = 𝑙cos𝜃 
Finally, before side chain i leaves ths hydrophilic row, a part of the polymer’s side 
chain i  (counting from the left) will be on top of this hydrophilic row, as illustrated in 
(C).  That is, 
when                              𝑗 𝐿 + 𝑙 > 𝑖𝑎 sin𝜃 > 𝑗 𝐿 + 𝑙 − 𝑙	








Appendix II: Shrinkage of P1 polymers upon UV irradiation  	
 
 
Figure A3 (a) SFM images of P1 polymers on ODA of the same area (475nm×475nm) before and 
after UV irradiation. (b) P1 areas before and after UV irradiation are marked by red color upon setting 
a height threshold of 0.3 nm. The surface area of P1 polymers decreased by 23.2%. 
 
In Figure A3, two SFM images of P1 polymers on ODA of the same area 
(475nm×475nm) are extracted from Movie S1 at 0 min and 19 min, respectively. The 
polymer areas are selected by setting height threshold of 0.3 nm. The P1 areas before 
and after UV irradiation are 93.1 mm2 and 71.5 mm2, resulting in average area 
shrinkage of 23.2%. 
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Appendix III: Influence of temperature on P1 polymers and ODA  
 
Temperature is also a factor that may affect the dynamics of polymers on a surface. 
Incident light on a sample may raise the local temperature of the sample up to few 
degrees of Celsius, depending on the intensity of irradiating light.  Therefore, it is 
necessary to check if a changing temperature may cause the observed molecular 
movements.  
The graphite substrate was glued onto a metal pad that could be heated up ex-situ by 
a thermal heating controller. Once the desired higher temperature was reached, the 
sample was kept in this temperature for 10 minutes to allow the entire sample to reach 
thermal equilibrium, and then it was cooled down to room temperature before 
performing SFM imaging. It is important to let the sample cool down to room 





Figure A4 SFM images (1µm × 1µm) of P1 polymers on an ODA monolayer measured at room 
temperature (22°C) with pretreatment of (a) without heating, (b) heating up to 35°C, (c) heating up to 
45°C, and (d) heating up to 55°C, respectively. (e) Cross section along the red line in (c) showing that 
P1 polymers exhibit a height around 1 nm. (f) Cross section along the blue line in (d) showing that P1 
aggregates exhibit a height around 2 nm. 
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Figure A4 (a) shows that at initial room temperature of 22°C, P1 polymers lie 
straight on ODA lamella (inset in (a) shows lamellar structure).  Then the sample is 
heated up ex-situ to 35°C and 45°C, consecutively, and cooled down for SFM 
imaging (Figure A4 (b) and (c)). It is clearly seen that both the morphology and the 
heights of P1 polymers (around 1 nm see Figure A4 (e)) do not change noticeably 
even at a temperature as high as 45°C. This result suggests that the sample should not 
be sensitive to temperature variations that may occur during light irradiation.  
Giving the fact that ODA has a melting point of 52°C, I pushed the sample beyond 
its limit by heating it up to 55°C. I expect that the ODA monolayer was melted at this 
temperature and P1 polymers could float around on the melted ODA surface. After 
cooling down, the SFM image was taken (Figure A4 (d)) and it showed that the 
morphology of the P1 polymers had changed from rod-like to fatter and rounder 
objects. The 1µm long height cross-section along blue line in (d) shows less dense 
objects on the surface. The heights of theses objects are around 2 nm, which is twice 
as high as that in Figure A4 (e). It is most likely that the P1 polymers underwent a 
process of aggregation, in which the neighboring polymers have agglomerated 
together and formed such aggregates.  
Unlike to the irradiation at different wavelengths, where the lamellar structure is 
always present, I do not find an ODA lamellar structure in (d) even in a zoom-in 
image, which suggests that the ODA molecules have melted and that rearrangement 
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